A number of cortical motor areas have been identi®ed on the medial wall of the hemisphere in monkeys. However, their speci®c role in motor control remains unclear. In this study, we sought to describe and compare the functional properties of the presupplementary (pre-SMA) and rostral cingulate (CMAr) motor areas in two monkeys performing a visually instructed, delayed, sequential movement. We recorded 134 task-related neurons in the pre-SMA and 149 in the CMAr. The main difference between the two areas was the abundance of responses to targets (46%) in the pre-SMA, while CMAr activity was more related to reward (28%). Neuronal responses to targets were more phasic and higher in frequency in the pre-SMA than in the CMAr. During the delay, the percentage of neuronal responses was similar in the two areas. The discharge pattern was different depending upon whether the delay duration was ®xed or variable but in most neurons was the same regardless of the sequence performed. Movement-related changes were common in the pre-SMA (75%) and in the CMAr (81%) but they occurred earlier in the former. Neurons activated exclusively during movement were more numerous in the CMAr. Finally, neuronal activity in the pre-SMA was more related to the sequential aspect of the task compared to the CMAr. Our results suggest that although the two areas share functional properties, they also participate in different aspects of motor behaviour. Their functional properties re¯ect their anatomical positions, which give them the potential to integrate external stimuli (pre-SMA) and internal states (CMAr) during motor planning.
Introduction
In the last 10 years, there has been an increasing interest in the motor functions of the medial wall (for reviews, see Goldberg, 1985; Dum & Strick, 1993; Tanji, 1994 Tanji, , 1996 Passingham, 1996a, b; Picard & Strick, 1996; Tanji & Shima, 1996a, b) . Lesions of this cortical region in humans (Halsband et al., 1993;  for review see Devinsky et al., 1995) and in monkeys (Halsband, 1987; Stern & Passingham, 1994; Chen & Wise, 1995) severely affect the planning and initiation of movements. In addition to the supplementary motor area, which was the ®rst medial motor area discovered by Pen®eld & Welch (1951) , a number of motor ®elds have been identi®ed on the medial wall of the hemisphere in monkeys (for review, see Picard & Strick, 1996; Dum & Strick, 1991a, b; He et al., 1995) . Two of these occupy the rostral portion of the medial wall: the presupplementary motor area (pre-SMA) located in the medial portion of the superior frontal gyrus and the rostral cingulate motor area (CMAr) buried in the cingulate sulcus.
A growing number of functional imaging studies in humans have stressed the role of the pre-SMA and CMAr in higher order aspects of motor behaviour (Posner et al., 1988; Deiber et al., 1996 Deiber et al., , 1999 Hikosaka et al., 1996; Jueptner et al., 1997; Boecker et al., 1998; Petit et al., 1998; Jenkins et al. 2000) . In comparison, few single-unit activity studies have explored their contribution to motor control, especially the CMAr, and their role remains unclear. The pre-SMA activity was compared to the activity in the supplementary motor area (SMA) and found to be more related to motor preparation (Matsuzaka et al., 1992) , the update of motor plans, or the acquisition of new sequential procedures (Matsuzaka & Tanji, 1996; Shima et al., 1996; Nakamura et al., 1998) . The anterior cingulate cortex was compared to the posterior cingulate cortex and seemed to play a preferential role in self-initiated movements (Shima et al., 1991) .
However, to date, no comparative investigation has been undertaken between the pre-SMA and the CMAr, and it is not known what functional differences may exist between them. Their anatomical organization suggests that they could have different functions. They are interconnected, and both receive a strong and direct input from the prefrontal cortex (Luppino et al., , 1993 Bates & GoldmanRakic, 1993; Morecraft & Van Hoesen, 1993; Lu et al., 1994) . However, only the CMAr has substantial connections with the primary motor cortex and the spinal cord (Morecraft & Van Hoesen, 1992; Luppino et al., 1990 Luppino et al., , 1993 Dum & Strick, 1991a; He et al., 1995; Morecraft et al., 1997; Wang et al. 2001) . Furthermore, the CMAr projects heavily to the SMA (Wang et al. 2001) whereas the pre-SMA connections with SMA are relatively modest (Luppino et al., , 1993 . In addition, the CMAr receives stronger inputs from the orbitofrontal cortex (Carmichael & Price, 1995; Cavada et al. 2000) and the limbic system (Baleydier & Mauguiere, 1980; Morecraft & Van Hoesen, 1993 than the pre-SMA.
Because we are still at an early stage of understanding the function of these recently de®ned motor areas, a descriptive and comparative investigation seemed necessary. The pre-SMA and CMAr are situated at a pivotal position between associative, limbic and motor structures and may be involved in various processes. Consequently, we chose a paradigm that combines visual information processing, memorization, motor preparation and execution of a short sequence. Our primary interest was to evaluate the involvement of these areas in different aspects of motor behaviour. Our experiments were designed to answer the basic question: at which level of the sensorimotor integration chain do the pre-SMA and CMAr operate?
Methods

Animals and behavioural procedure
Experiments were performed in two female monkeys (Macaca mulatta) weighing 5 and 6 kg, respectively, in strict accordance with the European Communities Council Directive for experimental procedures in animals.
The animals were trained (8 months) to carry out a sequential movement on the basis of memorized instructions (Fig. 1 ). They were seated in a primate chair with their heads immobilized, facing a monitor (distance 20 cm) and the left hands restrained. The animals were required to maintain their right hands on a hold key until thè Go' signal appeared. Trials were aborted if the monkeys lifted the hand off the hold key before the Go signal. After 2±3 s (control period), an onset cue (`O' in Fig. 1 , 6 cm in diameter) appeared in the centre of the screen for 500 ms. Five hundred ms after cue extinction, the outline of four squares (3 Q 3 cm, 10 cm apart) appeared i.e. top left (TL), bottom left (BL), top right (TR), bottom right (BR). Of these, two were successively illuminated (target squares T1 and T2) for 500 ms at 1 s intervals. Eight sequences of visual targets (TL±TR, TL±BL, BL±TL, BL±BR, TR±TL, TR±BR, BR±TR, BR±BL) were pseudo-randomly presented. A delay period followed the last target presentation (blank screen, 3 s). This phase ended with the appearance of a central green cue (Go signal, interval S±G, 6 cm diameter, 400 ms duration) immediately followed by the outline of four empty squares. The monkeys had to reproduce the sequence by successively touching the two correct squares, without returning to the contact handle, within 2 s after the offset of the Go signal. The hold key release (movement onset) was detected by a capacitive device, and the end of pointing movements (P1 and P2) by an infra-red matrix placed in front of the monitor. The monkeys were required to point within the outlines of the squares. A sliding movement was not rewarded. If the sequence was correctly carried out, a drop of fruit juice was delivered (R) 500 ms after P2. Inter-trial intervals lasted 15±20 s. Recordings were also made in a situation where the intervals between O and T1 (250±750 ms), T1 and T2 (500±1500 ms) and the delay duration (1±3 s) were variable. At the end of the training period (9±10 months), the monkeys performed the task with an 85±90% rate of success.
Surgery and unit recordings
A stainless steel recording chamber (diameter 19 mm, Narishige, Japan) was implanted onto the skull under general anaesthesia using ketamine (10 mg/kg, PanPharma, Fouge Áres, France), xylazine (2 mg/ kg, Sigma, Paris, France), diazepam (0.5 mg/kg, Roche, Neuilly, France) and atropine sulphate (0.2 mg/kg, Meram, Melun, France). Supplemental doses of ketamine and xylazine were given as necessary. Body temperature, heart and respiratory rates were continuously monitored. The centre of the recording chamber was positioned stereotaxically at (in mm) 24 anterior to the inter-aural line and 4 lateral to the midline at A24 and L4, with a medial orientation of 5°in the coronal plane, over the left hemisphere of each monkey. A head holder was embedded with dental cement (Omnium dentaire, Bordeaux, France) around the chamber in order to immobilize the head of the monkeys. Antibiotics (ampicillin, 100 mk/kg, SmithKline Beecham, Nanterre, France) and analgesics (prodafalgan, 30 mg/kg, UPSA, Agen, France) were administered for 1 week after surgery. In a separate session, search coil wires (Cooner wires, Chatsworth, CA, USA) were implanted in one eye, in order to examine the relationship between eye movements and neuronal activity (Robinson, 1963; Judge et al., 1980) . The procedure of general anaesthesia was the same as for the recording chamber implantation, with in addition, a local anaesthesia of the sclerotic region with Novesine (0.4%, MerckSharp et Dohme-Chibret, Paris, France). A local treatment using antibiotic (Posicycline, Alcon, Reuil-Malmaison, France) and corticoides (Soludecadron, Merck-Sharp et Dohme-Chibret, Paris, France) was administered for one week following the search coil implantation.
Extracellular single-unit activity was recorded with tungsten microelectrodes (FHC, Bowdoiham, ME, USA) insulated with epoxy (impedance 1±1.5 MW at 1 kHz) inserted through the dura matter into the cortex, using a hydraulic micromanipulator (Narishige Japan, MO-9B). The electrode was moved through the cortex in increments of 5±10 mm. Neuronal activity was ampli®ed (Q 10 000), ®ltered (300±3 KHz) and displayed on an oscilloscope. Action potentials were selected from background activity with a window FIG. 1. Behavioural paradigm. O, onset-cue illumination; T1, ®rst target illumination; T2, second target illumination; D, onset of delay period (®xed 1.5, 2 or 3 s; or variable 1±3 s); G, Go signal offset; L, hold-key release; P1, end of the ®rst movement; P2, end of the second movement; R, reward delivery. See Methods for details. discriminator, before being processed through an analogue±digital interface, and stored on a microcomputer. Responses of neurons to neutral visual information, somatosensory stimuli, and to reward were tested without performance of the task. Muscle activity of the contralateral right deltoideus, trapezius, pectoralis major, triceps brachii, biceps brachii, extensor carpi radialis,¯exors digitorum, and quadriceps was recorded with chronic Te¯on-coated silver wire electrodes (A-M system Inc, Everett, WA, USA) implanted subcutaneously. Electromyographic activity was ®ltered (150Hz± 1.5KHz), monitored on oscilloscopes, and stored on disk. EMG activity was recorded daily over a period of 3 months along with unit recordings.
Intra-cortical microstimulation (ICMS)
ICMS was used to determine the boundaries between the recorded areas and the surrounding areas (the supplementary motor area, the supplementary eye ®eld, the caudal cingulate motor areas). A train of cathodal pulses (width 0.2 ms, train duration 50±150 ms at 300Hz, intensity < 80 mA) was applied with a constant-current stimulator through the recording electrode. During ICMS, evoked movements were noted by two observers. Movements were recorded if they were evoked repeatedly and if they were clearly identi®ed. The threshold was the minimum current intensity (mA) for which a motor response was observed. The percentage of motor responses of the pre-SMA and CMAr was the ratio of motor responses obtained over the total number of ICMS sites in each region.
Data analysis
Peri-event raster displays and peri-event histograms with bin widths ranging from 10±50 ms were constructed by aligning neuronal activity to each event: visual cues (O, T1, T2), delay onset (D), Go signal onset (S) and offset (G), movement onset (L), ®rst (P1) and second (P2) movements detection, reward delivery (R). The eventrelated activity changes were detected by comparing neuronal activity aligned to the onset of a speci®c event with activity during the control period (2 s preceding O) and during the 300 ms preceding each event. If the activity after the onset of an event was different from the activity during the control period, but was the same as that during the 300 ms preceding the event onset, it was not considered as eventrelated. This criteria was used to dissociate phasic event-related responses from tonic modulation of activity prior to event. Change in neuronal frequency was judged to be signi®cant if it deviated by more than 3 SD of the mean in at least two consecutive 50 ms bins. The maximal discharge frequency of each event-related change was calculated. During the motor response, the cellular reaction time (CRT) corresponding to the interval between the onset of the Go signal and the onset of the neuronal activity change was calculated by the same method. A neuron was considered to be task-related when signi®cant changes were observed in relation to at least one event. For EMG analysis, a mean basal activity of the integrated signal was calculated during the control period on successive epochs of 50 ms. A change in EMG activity was considered as signi®cant when it differed from the mean basal activity by 2 SD for at least 100 ms.
For quantitative data analysis during the instruction and movement periods, four epochs were de®ned as follows: the 500 ms after the onset of each target, the interval between the hold-key release (L) and the end of the ®rst movement (P1), and the interval between the end of the ®rst (P1) and the end of the second movement (P2). The mean ®ring frequency calculated during each of these epochs was the dependent variable for ANOVA analysis. We performed three two-way ANOVA tests to look at the relationship between neuronal activity and three different factors: the numerical order of sequence components (two positions in time), the spatial location of targets or spatial goal of movement (four locations in space) and the type of sequence (eight different sequences). Each sequence had two components: the illuminated targets during the instruction period (T1, T2) or the empty targets during the period of behavioural response (P1, P2). The numerical order effect was a neuronal response to only one component of the sequence (e.g, T1 or T2; P1 or P2) regardless of its spatial location and regardless of the nature of the other sequence components. The spatial location effect was a neuronal response for a speci®c target location or a speci®c spatial goal of the movement (e.g. TR or BR). To analyse the sequence effect, data corresponding to each component and each trial were pooled in the same group corresponding to a given sequence. Then, statistical analysis was performed to compare the neuronal activity between the different types of sequences. To characterize fully the type of activity pattern, interactions between couples of factors were studied: numerical order Q spatial location, sequence Q numerical order, sequence Qspatial location. The activity of the same neuron could be in¯uenced by several factors or interactions between factors. To simplify data presentation, the most signi®cant effect (P < 0.01) was retained to characterize a given neuron. A Fisher test with a Bonferroni/Dunn correction was used in order to compare pairwise individual groups of data (e.g. two sequences TL±TR and BL±TL, two spatial locations BL and BR).
For the delay period, the dependent variable was the mean ®ring frequency calculated during the ®nal second of the delay. A one-way ANOVA was performed to analyse the effect of the type of sequence (eight levels) on delay-related activity. Finally, a comparison of neuronal activity between successful and failed trials was performed during the various periods of the task.
Histological studies
At the end of the experiments, electrolytic lesions were made by applying a direct anodal current (20 mA, 20 s) through the recording microelectrode. One week later, the monkeys were deeply anaesthetized (Pentobarbital sodium, 50 mg/kg) and perfused through the heart with saline followed by glutaraldehyde (2%). Limits of the recording chamber were marked on the surface of the brain and the brain was removed from the skull and frozen. Serial coronal sections (50 mm) were stained with haemalun-chrome (Sigma, France). Reconstruction of the recording sites was based on the coordinates of each recorded cell with respect to marker lesions and to the electrode tracks. Boundaries between the pre-SMA and SMA, and between the CMAr and the posterior cingulate motor areas (CMAp), were determined with information obtained by microstimulation, sulcal landmarks and cytoarchitectonic criteria.
Results
Gaze behaviour and electromyographic activity
The gaze behaviour observed during the paradigm is illustrated in Fig. 2 . These recordings show that the monkeys did not perform a saccade each time a target was presented. In other words, targetdirected saccades were not systematic ( Fig. 2A) . On the other hand, saccades were frequently observed when the monkeys pointed to the monitor, indicating that arm movements were made under visual guidance (Fig. 2B ). Random saccades were also observed during the delay period.
Examples of electromyographic recordings obtained from the forelimb contralateral to the recorded hemisphere, did not show any signi®cant changes during the instruction or the delay periods Rostral medial wall and motor control 889 ( Fig. 2A) . After the Go signal, proximal (deltoideus) and distal (extensor carpi radialis) forelimb muscles were activated phasically during the reaching movement (Fig. 2B) . No phasic muscular changes were observed when the monkey received the reward (R). In general, there was no relation between task-dependent neuronal responses and forelimb muscle activity. Figure 3 shows the percentage of motor responses induced by microstimulation in both the supplementary (pre-SMA and SMA) and the cingulate areas (CMAr and CMAp) in the left hemisphere of both monkeys. Motor responses were less frequent (Fig. 3A) in the pre-SMA than in the SMA (c 2 = 58, d.f. = 1, P < 0.001), and also less common in the CMAr than in the CMAp (c 2 = 31, d.f. = 1, P < 0.001). No signi®cant difference was observed between the pre-SMA and the CMAr (c 2 = 1.9, d.f. = 1, P > 0.10). Moreover, the mean threshold for ICMS ( Fig. 3B ) was higher in the rostral (pre-SMA and CMAr) than in the caudal (SMA and CMAp) areas (P < 0.001 in each case). Figure 4 illustrates the results from ICMS. Figure 4A±B indicates the location of the recording chambers with respect to the sulcus landmarks. Figure 4C±D shows the motor responses to ICMS in an unfolded view of the mesial cortex of each monkey. For clarity, sites where no response was evoked by ICMS are not shown. The pre-SMA was located on the medial portion of the superior frontal gyrus, rostral to the level of the genu of the arcuate sulcus. The rostral cingulate cortex included the dorsal and the ventral banks of the cingulate sulcus, at approximately the same anteroposterior level as the pre-SMA. In the pre-SMA, ICMS induced multi-joint movements, which predominantly involved the contralateral upper limb and more rarely the lower limb. These movements were characterized by their slowness and similarities to natural movements. In the CMAr, ICMS also elicited predominantly upper limb movements. Both upper and lower limb movements were elicited by ICMS in the caudal and dorsal part of the cingulate sulcus. In an area located rostral to the core of the pre-SMA and slightly lateral, ICMS (< 40mA) induced saccades and facial movements such as eye blinks or ear elevation. This area may correspond to the supplementary eye ®eld.
Location of recorded neurons and responses to ICMS
The location of the two recording areas is superimposed on the microstimulation map (grey areas, Fig. 4C±D ). Neurons were located in the arm area of either the pre-SMA or the CMAr. Task-related neurons were more concentrated in the dorsal part of the pre-SMA FIG. 2. Ocular movements and electromyographic activity. Data of ocular movements and electromyographic activity recorded in one monkey during the task. For clarity of illustration, data from only four out of eight sequences are presented. Five superimposed traces are shown for each sequence: V, vertical eye movements; H, horizontal eye movements; scale bar, 20°; D, electromyographic activity in the deltoid; E, electromyographic activity in the extensor carpi radialis. O, onset cue; T1, ®rst target illumination; T2, second target illumination; P1, end of ®rst movement; R, reward delivery. Scale bar, 1 s. and in the fundus of the cingulate sulcus (not shown). We found no apparent differences in spatial distribution of the different category of activity changes within the pre-SMA and the CMAr of either monkey. Because the boundary between the two areas is not well de®ned from microstimulation, cytoarchitecture data, and from literature , we chose to exclude neurons recorded 1 mm up and 1 mm down from the limit between the dorsal bank of the cingulate sulcus and the lower part of the medial superior frontal gyrus.
Neuronal activity during the task
After histological veri®cation, 425 of the recorded neurons were found in the left rostral frontal mesial cortex (173 in the pre-SMA and 252 in the CMAr) of both monkeys. Within this population, 134/173 (77%) of neurons in the pre-SMA and 149/252 (59%) in the CMAr were task-related (c 2 = 15, P < 0.001). The discharge properties of neurons during the task were similar between the two monkeys ( Table 1 ) and regardless of whether the intervals between cues and delay duration were ®xed or variable. Therefore, we pooled data obtained from both conditions and both monkeys. The majority of neurons in the pre-SMA and CMAr were active during more than one period of the paradigm (instruction, delay, movement, postmovement). Two typical examples are shown in Fig. 5A and B for a pre-SMA and a CMAr neuron, respectively. These neurons exhibited complex frequency changes during the instruction, delay, and movement periods. Table 1 shows the distribution of pre-SMA and CMAr neuronal activity changes across the different phases of the task. Clear and striking differences between the pre-SMA and the CMAr emerged. Pre-SMA neurons (59%) responded more frequently (P < 0.001) to the onset cue than CMAr neurons (17%). No visual receptive ®eld was found for these cells. Moreover, when neutral visual information was presented on the screen during intertrial intervals, no response was observed. In the pre-SMA, a large percentage of neurons was active during target presentation (46% of task-related neurons), delay (40%) and the movement (75%). In the CMAr, activity changes occurred mainly during the movement period (81%) and in lower but substantial proportions during instruction (23%), delay (30%), and postmovement (28%) periods. One of the main differences between both areas is that the number of neurons with instruction-related changes (onset signal and targets) was signi®cantly higher in the pre-SMA than in the CMAr, whereas neuronal changes occurring during the postmovement period were predominant in the CMAr (Table 1) . Movement-related and delay-related changes were equally represented in both areas. Table 2 shows the number of neurons that were active for different combinations of periods. When we compared both regions, striking differences emerged. The pre-SMA had more neurons activated during the instruction alone, as well as during the instruction combined with the delay and/or the movement. In contrast, the CMAr showed a high number of neurons with pure movement activity or with movement and postmovement activity.
Neuronal activity during the instruction and the delay periods Table 3 illustrates the type of responses to the targets (T1 and T2). A numerical order effect was the most common effect in both the pre-SMA and CMAr. It appeared in 57% of pre-SMA and 32% of CMAr instruction-related neurons. An example of a pre-SMA neuron showing a numerical order effect is illustrated in Fig. 6A . This neuron exhibits the same phasic response to the ®rst target whatever the type of sequence. The numerical order effect was predominant for the ®rst vs. the second target in both regions (Table 3) . Although the mean ®ring frequency during the control period was similar in the two regions, the maximal discharge frequency in response to either visual cues (O, T1, T2) was much higher in the pre-SMA than in the CMAr (P < 0.001 in each case). Consequently, the pattern of discharge appeared more phasic in the pre-SMA (Fig. 6A ) than in the CMAr (Fig. 6B) . The spatial location and the sequence effects were rarely observed in the pre-SMA, and never observed in the CMAr (Table 3) .
During the delay, slight differences (P < 0.05), in terms of neuronal ®ring frequency, were observed between sequences in eight pre-SMA and one CMAr neurons, re¯ecting the relational order of sequence components. However, it was never observed for one sequence only. Neuronal activity in both regions was not in¯uenced by the spatial location of targets. Examples of activity during the delay period in the pre-SMA and CMAr are illustrated in Fig. 7 . When the delay period was ®xed, pre-SMA neurons frequently showed a build-up activation (14/29, i.e 48% of neurons with delayrelated activity tested in this condition; Fig. 7A ), whereas CMAr neurons had an irregular pattern of discharge (Fig. 7B) . When the delay was variable, pre-SMA neuronal activity tended to saturate near the end of the delay (Fig. 7C ), but none of delay-related neurons recorded in this condition (n = 25) exhibited a clear build-up pattern. CMAr neurons often showed tonic activation during variable delay (Fig. 7D ).
An additional factor that in¯uenced the activation of the pre-SMA during the instruction and the delay periods was the monkeys' performance levels. Indeed, responses frequently differed between correct and incorrect trials. For example, the pre-SMA neuron represented in Fig. 8 did not show any change of activity (Fig. 8A) on trials when the animal failed to perform the task. In contrast, this cell modi®ed its activity (Fig. 8B ) in response to the onset-cue, the ®rst target, and at the end of the delay in correct trials. In error trials, such a modulation of activity did not appear clearly (Fig. 8C) . A comparison of the ®ring rate during the instruction period was made between successful and failed trials for neurons for which there was a suf®cient number of failed trials (n > 20). A signi®cant difference was found (Fig. 8D ) in this population for both the onset cue and the ®rst target.
Neuronal activity changes during movement
The monkeys remained motionless until the extinction of the Go signal. Some neuronal changes appeared shortly after the Go signal onset and lasted through the movement period. Thus, it was not possible to dissociate activity re¯ecting a response to the Go signal from that related to movement. In the pre-SMA, 39% of task-related neurons showed a response during the Go signal presentation, compared to 9% in the CMAr. Thirty-one percent of pre-SMA neurons were activated after the Go signal compared to 67% in the CMAr. The mean CRT (cellular reaction time) was shorter (U-test, P < 0.001) for pre-SMA neurons (344 T 25 ms) than for CMAr neurons (500 T 33 ms).
Neurons often modi®ed their activity during both movements (Fig. 9A) . Movement-related activity unrelated to spatiotemporal parameters of the task was more frequent in the CMAr than in the pre-SMA (No effect, Table 4 ). A numerical order effect was found for 38% of pre-SMA and 24% of CMAr neurons. Figure 9B is an illustration of a pre-SMA neuron that increased its activity during the ®rst movement regardless of the sequence. There were a greater number of neurons activated during the ®rst movement than during the second in the pre-SMA, whereas no difference between the two movements was found in the CMAr (Table 4 ). For neurons activated during both the instruction period and the movement period, there was no consistent relationship between activity during target presentation and activity during reaching for this target (e.g. T1 and P1 or T2 and P2). Movement-related activity was in¯uenced by the spatial location of the target to be reached in 18% of pre-SMA and 5% of CMAr neurons. Some neurons were activated during both movements but activity was greater for a speci®c location (e.g. the CMAr neuron in Fig. 9A was more active when the movement was directed to the top targets). Other neurons were activated only when the movement was directed to a speci®c target (e.g. the pre-SMA neuron shown in Fig. 9C was active only when either movement was directed to the top right target). This spatial location effect did not concern speci®c targets, and all of them were equally represented (Table 4) . Some neurons showed a numerical order and a spatial location effect. A sequence effect was found in eight pre-SMA neurons and one CMAr neuron. Interactions between the sequence and the numerical order or between the sequence and the spatial location were observed for other neurons (Table 4) . For example, the CMAr neuron shown in Fig. 9D was activated in relation to the ®rst movement when reaching from ®rst to second target required a vertical movement (numerical order±sequence interaction). In all cases sequence effects occurred for several sequences but in no case for one sequence only. Neurons whose activity was correlated either to speci®c sequences or to a combination of factors were in¯uenced by both the position in time, and the position in space. When the data for these neurons (corresponding to the last four lines in Table 4) were pooled, a statistical difference (c 2 = 9.6, P < 0.01) emerged between the pre-SMA (22/100, 22%) and the CMAr (9/120, 8%).
After completion of movement, 28% of CMAr and 5% of pre-SMA neurons showed a late discharge. A clear characteristic of neurons for which activity was modulated during the postmovement period, was that they were also activated during movement execution (Table 2) . We rarely found postmovement activity associated with instruction and delay activity changes. The neuron presented in Fig. 10A was brie¯y excited before the second movement and was strongly activated when the monkey received the reward (a). In failed trials (b), the neuronal frequency remained unchanged. A small number of neurons responded only during the reward period in correct trials or in incorrect unrewarded trials. The CMAr neuron illustrated in Fig. 10B showed a clear activation during successful trials (a), when the monkey received the reward, but did not exhibit neuronal changes during failed trials (b). The neuron in Fig. 10C illustrates the reverse case.
Discussion
Modulation of neuronal activity during the instruction and delay periods
Responses to cues during the instruction period were found in both medial areas, although they were predominant in the pre-SMA, with higher discharge frequencies. Our data are in accordance with previous studies showing the presence of cells with responses to cues in the pre-SMA, as well as in the anterior cingulate cortex, during instructed motor tasks (Niki & Watanabe, 1976; Matsuzaka et al., 1992; Nakamura et al., 1998) . In our experiments, eye movements were not controlled, but their monitoring revealed no consistent time relationship between the appearance of cues and saccades. This is consistent with the fact that monkeys were not trained to ®xate on any cue. Apparently, they did not need to foveate each target to memorize their position. Because there is no correlation between saccades and presentation of targets, it is unlikely that the oculomotor behaviour of monkeys was a strong source of modulation of task-related neuronal activity during the instruction period. Moreover, ICMS of the pre-SMA or the CMAr did not elicit saccades. Finally, there is little evidence that the pre-SMA and the CMAr have a direct or major role in oculomotor control. When tested out of the context of the task, these neurons were On the left side of each histogram, the circle with error bars correspond to the averaged frequency T 3 SD. Inter-event intervals and delay duration were ®xed in these examples. Neuronal activity was aligned with the onset cue illumination (O). T1, ®rst target illumination; D, delay onset; G, Gosignal; M, movement duration; R, reward. The pre-SMA neuron in Fig. 5A was ®rst inhibited after (O) then phasically activated when (T1) was illuminated; then, a typical`build-up' activity was observed during the delay, characterized by a progressive and sustained ®ring rate increase, that culminated with the Go signal (G). The activity was then inhibited strongly during movement execution. The CMAr neuron shown in Fig. 5B was activated during the instruction period, but above all, during the delay and movement execution. Conventions as in Table 1 . N, number of neurons in each category. The instruction period corresponds to the onset cue and the target presentation.
unresponsive to simple visual stimulations. Furthermore, responses during the instruction period were strongly reduced when the animals failed to perform the correct movement or didn't execute the movement (see Fig. 8 ). These observations suggest that the Table 1 . N, number of neurons for which instruction-related activity was correlated with a given factor (numerical order, spatial location, sequence). No effect, neurons unrelated to any factor. NS not signi®cant.
FIG. 6. Neuronal activity during the instruction period. (A)
Pre-SMA neuron with phasic responses to the onset cue (O) and to the ®rst target (T1). Neuronal activity change was the same for all sequences (numerical order effect, F 1,154 = 126, P < 0.001). Neuronal activity was aligned with the ®rst target illumination (T1). (B) CMAr neuron responding to the same events but with a more sustained discharge pattern. The activity is aligned to the onset cue illumination. There was no difference between sequences [F 7,92 = 1.5, P = 0.18; but a slight numerical order effect was observed (T2 > T1, F 1,98 = 4.2, P = 0.044)].
pre-SMA and CMAr activity during the instruction period re¯ects an associative process dependent on the context of the task, rather than a pure sensory response. Whether this associative process occurs in the parietal or prefrontal cortices, which project to the medial wall (Bates & Goldman-Rakic, 1993; Luppino et al., 1993) , or is a local phenomenon within the medial wall is not known. A feature of pre-SMA neurons, and to a lesser extent CMAr neurons, was their high percentage of response to the onset cue (O). Because this signal indicated the beginning of a new trial, it may re¯ect an alertness response or a detection process. Moreover, neuronal activity during the instruction period clearly re¯ected the numerical order of the two components of the sequence (T1 and T2) in both areas, but more strongly in the pre-SMA. Thus, the serial processing of stimuli that need to be translated into a series of motor responses, appears to preferentially involve the pre-SMA. Pre-SMA and CMAr neurons tended to be more responsive to the ®rst vs. the second target. This imbalance could be explained by the fact that the second target depends on the identity of the ®rst target and, thus, is more predictable. Hence, the unpredictability could enhance the level of excitability in some pre-SMA neurons, which become more responsive to the ®rst target. Pre-SMA neurons have been shown to respond to sensory signals indicating to the monkeys to update motor plans (Shima et al., 1996; Matsuzaka & Tanji, 1996) . As our task required the monkeys to update the sequence at each trial, it is possible that pre-SMA neurons responded primarily to the ®rst events indicating a new sequence, i.e. the onset cue (O) or the ®rst target (T1). Another interpretation of this result is that neurons which are activated for the ®rst target may present an habituation and therefore are less responsive to the second target.
It is notable that the activity of pre-SMA neurons was not related strongly to the spatial location of targets. In the CMAr, It shows a typical build-up activity with a progressive ®ring rate increase during the delay, followed by an inhibition during movement execution (Sequence effect, F 7,71 = 1.3, NS); neuronal activity is aligned to the end of the delay (S); the arrow corresponds to delay onset. (B) CMAr neuron recorded during a ®xed delay. It shows an irregular activity pattern during the delay without clear build-up pattern (Sequence effect, F 7,47 = 1.9, NS). (C and D) Pre-SMA and CMAr neurons, respectively, exhibiting a tonic discharge pattern when the delay was variable (Sequence effect, F 7,40 = 2.3 and F 7,59 = 0.6, respectively, NS).
there was no spatial location effect. Thus, in the present task, the activity in the pre-SMA and CMAr carries the numerical order but not the spatial location of targets. Nevertheless, we cannot rule out the possibility that the nature of our paradigm (e.g. the number of components in the sequence, the size of the visual/ work space) was not adapted to reveal a clear spatial effect. Neurons in¯uenced by different combination of factors (Table 3) were found only in pre-SMA and represented 8% of neurons activated during target presentation.
Activity during the delay was observed in 40% of pre-SMA and 30% of CMAr neurons but few neurons showed activity re¯ecting the relational order between sequence components. This unexpected result suggests that in the present task, delay activity does not contain the information about the sequence. It might thus carry other kinds of information. Some studies have implicated the medial wall in working memory (Petit et al., 1998) , motor preparation (Alexander & Crutcher, 1990a, b; Matsuzaka et al., 1992) , or attention (Posner et al., 1988; Jueptner et al., 1997) . The nature of our task does not allow us to dissociate these processes. However, some clues are given by the results obtained with a ®xed or variable delay. In the pre-SMA, when the delay was ®xed, we frequently observed a`build-up' activity that culminated with the Go signal presentation. When the delay duration was varied randomly, the ®ring increase was still present, but the build-up pattern tended to saturate near the end of the delay. This pattern may re¯ect a state of readiness or an attention process toward a predictable or unpredictable event, i.e. the Go signal. It is noteworthy that the activity during the delay was decreased when the animal performance was poor (see Fig. 8 ). The idea that the medial wall plays an important role in attention processes is supported by a growing number of studies (Posner et al., 1988; Mesulam, 1990 Mesulam, , 1994 Pardo et al., 1990; Posner & Petersen, 1990; Passingham, 1996a; Jueptner et al., 1997) .
Activity during the goal-directed movement
The pre-SMA and CMAr showed a comparable strong activation during the movement period. We found that saccades frequently occurred during the movement period. As a result, we have to consider the possibility that the movement-related activity was partially related to the oculomotor behaviour of the animal. However, saccades occurred at the end of the pointing movement, whereas, movement-related changes occurred earlier. Moreover, no saccades were elicited during ICMS in the pre-SMA and CMAr. In any case, in the present section, the modulation of movement-related activity is discussed regardless of the effector (eye and/or arm).
Pre-SMA neurons had a shorter CRT than CMAr neurons, which means that they were activated earlier and might be more involved in motor preparation. This result is in accordance with previous studies showing the participation of the pre-SMA in this process (Matsuzaka et al., 1992; Matsuzaka & Tanji, 1996; see Picard & Strick, 1996 for review). CMAr neurons, whose activity coincides more closely to movement onset, may be preferentially involved in motor execution. Furthermore, more neurons were exclusively related to movement in the CMAr than in the pre-SMA. These differences in motor functions between both areas are supported by anatomical studies showing that the pre-SMA and the CMAr gain access to the motor apparatus through different routes. Indeed, the CMAr is connected to the primary motor cortex (MI) and to the spinal cord, and consequently, it has the potential to in¯uence movement through a direct route (Hutchins et al., 1988; Morecraft & Van Hoesen, 1992; He et al., 1995; Morecraft et al., 1997; Wang et al. 2001) . Conversely, the pre-SMA, which is not connected to MI or to the spinal cord and is poorly Conventions as in Table 1 . N is the number of neurons for which movement-related activity was correlated with a given factor (numerical order, spatial location, sequence). No effect indicates neurons were not related to any factor.
FIG. 9. Movement-related changes. Neuronal activity is aligned with the end of the ®rst movement (P1). (A) CMAr neuron activated during both movements for the eight sequences with a location effect (F 3,174 = 6.6, P = 0.003). Firing frequency was higher when the movement was directed to the top targets (TL or TR). (B) pre-SMA neuron with a numerical order effect (F 1,122 = 67.9, P < 0.001). This cell modi®ed its activity during the ®rst movement without differences between the eight sequences (sequence effect F 7,122 = 0.99, sequence Q order effect F 7,122 = 0.27, NS). (C) Pre-SMA neuron with a location effect (F 3,122 = 19.7, P < 0.001). This neuron was only activated when the movement (either ®rst or second) was performed towards the right top quadrant of the screen. (D) CMAr neuron with a sequence Q order effect (F 7,142 = 10.8, P < 0.001); this neuron was activated during the ®rst movement only when the movement between the ®rst and second target was vertical, irrespective of its direction (top to bottom or the reverse) or target location (F 3,154 = 0.34, NS).
connected to the SMA (Luppino et al., , 1993 Dum & Strick, 1991a; He et al., 1995) may in¯uence movement through an indirect pathway. Several electrophysiological studies (Halsband et al., 1994; Shima et al., 1996; Nakamura et al., 1998) have stressed the role of the pre-SMA in the regulation of sequential movements. Although to date very few electrophysiological studies have speci®cally investigated the CMAr, recent evidence indicates that this region also participates in the control of sequential movements (Procyk et al. 2000; Procyk & Joseph, 2001) . Moreover, lesions (Stern & Passingham, 1994; Chen et al., 1995) or pharmacological blockage (Shima & Tanji, 1998a; Nakamura et al., 1999) involving the pre-SMA or the anterior cingulate cortex impair the temporal organization of movement. Our task was not designed speci®cally to study the involvement of these FIG. 10 . Reward-related activity in CMAr neurons. Data are aligned to the second pointing movement (P2). R, reward delivery. (A) CMAr neuron showing an increase in ®ring rate before the second movement and when the monkey received the reward in successful trials (a). In failed trials (b), the same neuron was poorly activated before movement and no late discharge was observed (unrewarded trials). (B) CMAr neuron showing an increase in ®ring rate when the monkey received the reward in successful trials (a). In failed trials (b), the activity remained unchanged during the whole trial (unrewarded trials). (C) CMAr neuron which did not modify its activity during successful trials (a) but presented a late discharge during failed trials, when the monkeys did not receive the reward (b).
cortical areas in the planning of motor sequences. We found, however, that the activity of a large number of neurons in the pre-SMA, and to a lesser extent in the CMAr, was in¯uenced by the numerical order and/or the relational order between the components of the sequence. These neurons may therefore be involved in the encoding of different aspects of the motor sequence.
Our results are congruent with studies reporting a movement activity re¯ecting the numerical order of components within a sequence in the pre-SMA (Clower & Alexander, 1998; Shima & Tanji, 2000) and in the CMAr (Procyk et al. 2000) , but we found that this effect was stronger in the former than in the latter. Thus, the pre-SMA could play a preferential role in this function. Moreover, changes occurring during the ®rst movement were more numerous in the pre-SMA. This result is supported by a recent study, which reported a preferential activation of the pre-SMA before the ®rst movement in a sequence of three different movements, irrespective of the movement performed (Shima & Tanji, 2000) . These observations suggest that the pre-SMA is preferentially involved in the early stage of sequence planning or execution, or that the entire sequence program is mainly determined before the beginning of the sequence. However, although this possibility is to be taken into account, it could only explain part of our data as we found that many neurons were activated during both movements, or during the second movement only. Our results also show that there is no strict correspondence between the encoding of the numerical order of targets and the encoding of the corresponding movements. This result is surprising and suggests that these two phenomena could be processed independently within the same brain area.
The role of the pre-SMA in spatial encoding has been reported by some authors (Matsuzaka et al., 1992; Clower & Alexander, 1998) , but not by others Nakamura et al., 1998) . In the present study, the so called spatial effect concerned the neuronal response to one speci®c target location. This type of activity could be observed both in simple movements and/or in sequential movements. We found that this effect was observed in the pre-SMA but rarely in the CMAr. However, our paradigm did not dissociate the spatial location of the stimulus from the spatial goal of the intended movement. Therefore, the movement-related activity could re¯ect either one of these factors.
The functional characteristics of a number of movement-related neurons re¯ected the sequential nature of the task more directly. We considered that this category of neurons encompassed those whose activity was in¯uenced by the type of sequence and those in¯uenced by a combination of factors. They were more numerous in the pre-SMA than in the CMAr, suggesting that the former is more implicated in sequence encoding than the latter. However, we did not ®nd neurons activated for only one speci®c sequence. A recent study (Shima & Tanji, 2000) demonstrated that the representation of the relational order among sequence components decreases or is abolished for motor responses composed of fewer than three movements. It is possible that the paradigm used in the present study, which required only two movements, was not adapted to reveal this kind of activity.
Finally, a central question about the medial motor areas concerns their role in self-initiated vs. externally triggered movements, or in memory-guided as opposed to visually guided movements. Some electrophysiological and pharmacological studies in monkeys have suggested a preferential participation of the SMA and the anterior cingulate cortex in self-initiated movements (Okano & Tanji, 1987; Romo & Schultz, 1987; Shima et al., 1991) and in memory-guided movements Halsband et al., 1994; Shima & Tanji, 1998a; Shima & Tanji, 2000) . Data from functional neuroimaging studies in humans are also consistent with this idea (Deiber et al., 1999) . However, some of those studies were conducted before the description of the different subdivisions of the medial wall. Furthermore, the movement we used had different components. It was memory-guided because no information about the sequence was given to the monkey at the time of the response. It was also externally triggered because the time to start the entire sequence was cued by a visual Go signal. We are thus unable to go much further in this discussion. However, the fact that task-related neurons were more numerous in the pre-SMA than in the CMAr suggests that the components involved in our task are more critical to drive neuronal activity in the pre-SMA.
Activity during the postmovement period
One of the main results of the present study was the high percentage (28%) of CMAr neurons activated during the postmovement period, when the monkey received the reward. Such an activity was less frequent in the pre-SMA, con®rming recent data (Shima & Tanji, 2000) . Electromyographic results showed that these late modi®ca-tions were not related to forelimb movements. We suggest two alternative interpretations. The ®rst is that this postmovement activity was related to the processing of reward information by neurons located within the arm area of the CMAr and pre-SMA. It is noteworthy that neurons frequently presented a sustained activation that started just before the end of the last movement and lasted through the time of the reward delivery. Such a pattern of discharge was recently reported in the pre-SMA (Shima & Tanji, 2000) and was interpreted as the expectation of the reward or the accomplishment of the sequence. Other neurons ®red during reward delivery in successful trials or only in failed trials when the monkey did not receive the reward. This type of response, described previously in the anterior cingulate cortex (Niki & Watanabe, 1979) , could correspond to the detection of the reward or the recognition of an error, respectively. A possible role for the anterior cingulate cortex in error detection or con¯ict monitoring has been mentioned in humans studies (Falkenstein et al., 1995; Badgaiyan & Posner, 1998; Carter et al., 1998; Elliott & Dolan, 1998) . The fact that the majority of our reward-related neurons were also activated during the movement period supports the existence of a link between the action and its outcome. This idea is supported by recent studies showing that the activity of CMAr neurons during movement could be predictive of the occurrence of reward delivery (Procyk et al. 2000) or play a crucial role in movement selection based on reward (Shima & Tanji, 1998b) . Anatomical studies have shown that the CMAr receives strong inputs from the orbitofrontal cortex (Bates & Goldman-Rakic, 1993; Morecraft & Van Hoesen, 1993; Carmichael & Price, 1995; Cavada et al. 2000) , which is involved in the processing of reward information for the control of goal-directed behaviour . It also displays indirect inputs from the amygdala, the ventral striatum, and other limbic areas through the cingulate gyrus (Baleydier & Mauguiere, 1980; Barbas & Pandya, 1989; Bates & Goldman-Rakic, 1993; Morecraft & Van Hoesen, 1993 . It is thus possible that the CMAr activity is in¯uenced by the emotional or motivational aspects of the goal-directed movements, as previously proposed (Stern & Passingham, 1996) . The pre-SMA, which also receives inputs from the orbitofrontal cortex (Bates & Goldman-Rakic, 1993; Luppino et al., 1993; Morecraft & Van Hoesen, 1993) and is strongly connected to the CMAr (Luppino et al., , 1993 may also participate to some extent in such a mechanism.
The second interpretation we must consider is that the postmovement activity was related to muscle activity of the face while the monkey was consuming the reward. This implies that a part of our sample of neurons may be located in the face area of the CMAr. There is evidence of the existence of a caudal cingulate vocalization area containing neurons showing activity related to various faciovocal behaviours (West & Larson, 1995) . As the CMAr has a low excitability, it is dif®cult to establish a precise somatotopy Shima et al., 1991; Wang et al. 2001) . However, in the present study, all task-related neurons were recorded from sites from which ICMS gave rise to arm movements. Furthermore, the results of some anatomical and physiological mapping studies suggest that the facial area of the CMAr is located rostral to its arm area and does not overlap with it (Muakkassa & Strick, 1979; Morecraft & Van Hoesen, 1992; Morecraft et al., 1996; Shima & Tanji, 1998b) .
Functional implications
The data of the present study are consistent with the growing idea that the pre-SMA and the CMAr operate at relatively high levels within the network of cortical motor ®elds. Furthermore, they show that neurons in both areas share common properties but also have their own characteristics. In the pre-SMA, the abundance of instruction and delay-related activity suggests that this region is situated`upstream' of the CMAr in the sensorimotor processing. However, pre-SMA neuronal activity does not carry the spatial selectivity observed in the prefrontal cortex. In the CMAr, the reward-related activity suggests that this structure is more concerned with the outcome of an action. This supports the view that the anterior cingulate cortex is a part of the limbic system that serves emotion and motivation functions (Papez, 1937; Haller et al., 1976; Stern & Passingham, 1996) . The CMAr is also clearly involved in motor control. Like the pre-SMA, the CMAr is activated strongly during movement, and it contains more neurons activated exclusively with movement.
Neuronal activity was less correlated to the spatiotemporal parameters of the task in the CMAr than in the pre-SMA. Furthermore, this task was less effective in driving the CMAr activity than the pre-SMA activity. This suggests that the CMAr has a more abstract role in motor control than the pre-SMA. Its nature needs to be further investigated in future studies. Our results also show that the numerical-order has a strong pure effect on cell activity as reported previously in the medial wall (Clower & Alexander, 1998; Procyk et al. 2000; Shima & Tanji, 2000) or in other cortical and subcortical regions (Barone & Joseph, 1989; Mushiake & Strick, 1993; Kermadi & Joseph, 1995) . Although more pronounced in the pre-SMA, this effect was also observed in the CMAr. We speculate that pre-SMA and CMAr neurons could provide part of a neural substrate that resolves the numerical order of components within a motor sequence.
Both areas are interconnected and receive direct, as well as indirect inputs from the dorsolateral prefrontal cortex, which can send information about the cognitive aspect of the task. In addition, the CMAr has prominent input from the limbic structures. They also have direct or indirect access to structures that project to the primary motor cortex and the spinal cord and can then in¯uence the motor apparatus. Consequently, the pre-SMA and CMAr could be positioned in a widely distributed system involved in the planning and execution of complex movement according to external stimuli and motivational factors (Rizzolatti et al., 1998) .
This study should be considered as a pilot study that was designed speci®cally to observe and describe properties of neurons in the pre-SMA and the CMAr. More extensive and detailed investigations will be needed to better understand the motor functions subserved by each area.
